Temperature dependence of vertical ionization energies is modeled for small argon clusters (N ≤ 13) using classical parallel-tempering Monte Carlo methods and extended interaction models based on the diatomics-in-molecules approach. Quantum effects at the zero temperature are also discussed in terms of zero-point nuclear vibrations, either at the harmonic approximation level or at the fully anharmonic level using the diffusion Monte Carlo calculations. Both approaches lead to a considerable improvement of the theoretical predictions of argon clusters ionization energies and represent a realistic way of modeling of ionization energies for weakly bound and floppy complexes in general. A thorough comparison with a recent electron-impact experiment [O. Echt et al., J. Chem. Phys. 123 (2005) 084313] is presented and a novel interpretation of the experimental data is proposed.
I. INTRODUCTION
Rare-gas clusters, both neutral and ionic, have long been model systems for the cluster science [1] . From the experimental point of view, the neutral clusters can easily be produced via nozzle expansion and subsequently ionized either by photons or electrons. The ionic clusters can then be easily size selected and further manipulated. For theoreticians, the rare-gas clusters are simple to treat, which holds even for the ionic clusters in which many electronic states are usually involved. Consequently, the rare-gas clusters have received a considerable attention in the past. Among others, ionization and following post-ionization fragmentation of size-selected rare-gas clusters, argon in particular, have been studied intensively in experiment [2] [3] [4] [5] [6] as well as in theory [5, [7] [8] [9] . Despite of this considerable effort, many questions concerning the ionization of rare-gas clusters still remain open. The following example is just one of them.
It is usually believed that photoionization should lead to threshold energies close to the adiabatic ionization potential because Rydberg autoionizing states of the neutral precursor are involved. Electron-impact ionization, on the other hand, is expected to occur at considerably higher energies for which the vertical ionization potential is the lower limit [5] . Recent experimental data on the ion appearance energies reported for argon [5] seem to contradict this widespread assumption as they lie well below the vertical ionization potentials of Ar N for cluster sizes N ≤ 10. Similar behavior was also observed for helium and interpreted in terms of the autoionizing states of neutral clusters generated in collisions with impacting electrons [10] . This is clearly illustrated in Fig. 1 (see Sec. II for computational details) where vertical ionization potentials calculated using several diatomics-in-molecules models for the theoretical modeling of the ion appearance energy of argon clusters. We use quantum calculations, either at the harmonic approximation level or fully anharmonic based on the diffusion Monte Carlo approach [11, 12] , to assess the role of quantum effects at the zero temperature, and classical parallel-tempering Monte Carlo simulations [13, 14] to see the role of thermal excitations at non-zero temperatures. Based on the computational results, we show that geometry distortions of floppy argon clusters must be taken into account when interpreting experimental electron-impact ion appearance energies of Ref. 5 . Since these distortions lead to delocalized positions of argon nuclei in the cluster configuration space, we denote the effects of these distortions as nuclear delocalization effects.
II. METHODS AND COMPUTATIONS
At a semi-classical level, the vertical ionization potential (VIP) is calculated for a given geometry of Ar N as
where E ion and E neut are total electronic energies of Ar + N and Ar N , respectively, pertinent to the particular cluster geometry. Note that if classical equilibrium geometry of the neutral is used in Eq. 1 for both the neutral and the ion, classical zero-temperature VIP is obtained.
We will denote this quantity as VIP e in this work. If the zero-point energy is included for the neutral cluster to represent quantum effects at T = 0 K at the crudest level, an alternative acronym, VIP 0 , will be used.
In experiments, many cluster geometries contribute to the recorded experimental signal.
For non-zero temperatures, thermal excitations distort the cluster geometry, and even at temperatures close to zero quantum zero-point vibrations lead to non-negligible structure distortions. Different structure distortions may naturally lead to more or less different ionization energies, and, consequently, a gradual rise of the ionic signal is observed if the impact energy is increased. This signal increase can be represented via a simple function [15] ,
where E 0 represents the threshold energy at which ions of a given size emerge from experimental noise, b, and is thus called ion appearance energy (IAE).
In theoretical treatment, contributions from distorted geometries can be modeled by generating a representative set of neutral cluster configurations and summing up the number of configurations having the vertical ionization energy below a given value of the impact energy, E. Similar curves are then obtained to those recorded in experiments (see, e.g., Fig. 2 
The truncation on the r.h.s. of Eq. 3 has been set at k = 6 because the fitted values of the exponent of Eq. 2 are always below 6. Naturally, the noise parameter, b, is set to zero in both fitting models for the noise-free theoretical data.
Three simulation strategies have been used for generating sets of Ar N configurations in this work: a) canonical parallel-tempering Monte Carlo (c-MC) simulations [13, 14] yielding ionic signal profiles at non-zero cluster temperatures at the classical level, b) sampling from the square of harmonic zero-point vibration functions [16] [17] [18] , constructed using Hessian matrices calculated at the equilibrium configurations of Ar N , to assess the role of quantum effects at the harmonic approximation level (hereafter denoted as q-HA), and c) an importance sampling algorithm [12] for the diffusion Monte Carlo approach (denoted as q-DMC), using high-quality Boltzmann-like trial wave functions optimized for Ar N [19] , to assess the effect of the anharmonic shape of the Ar N potential energy surfaces (PESs). Note that the importance sampling algorithm in the DMC approach generates configurations sampled from a distribution given by the product of the trial function and the true vibration groundstate function and, because of the closeness of the two functions, sampling from the square of the vibration ground-state function is effectively achieved. The total number of cluster configurations considered for each cluster size and for each temperature is 100,000 (with each two successive configurations generated in c-MC calculations interleaved with 50 whole cluster moves to avoid non-physical correlations).
The energies required in Eq. 1 have been calculated using the HFDID1 pairwise potential [20] and a three-body ab initio potential [21, 22] for neutral Ar N , and employing recently developed models [9, 18, 23] based on the diatomics-in-molecules (DIM) approach [24, 25] for ionic Ar + N . For the neutrals, two interaction models have thus been used, either a purely pairwise additive model (we denote it as N [2] in this work) or a model including both pairwise and three-body contributions, which we denote as N [23] . For the ionic species, four previously reported and tested models [9, 18] have been used, a model based on the original DIM methodology developed for rare-gas cluster cations [25] Since the zero energy reference states used in the calculations described in the preceding paragraph are different for the neutral precursor and ionic daughter cluster (N neutral atoms for the neutral cluster while (N − 1) neutral atoms plus an ion for the ionic daughter), the energy difference between the reference states (here, the atomic ionization potential) must be added to the r.h.s. of Eq. 1. The value has been taken from experiment [5, 29] model for Ar 3 . This clearly demonstrates a high reliability of our semiempirical modeling.
III. RESULTS AND DISCUSSIONS
Let us start our discussion with an overview of calculations performed for classical equilibrium geometries of argon clusters as optimized via a previously developed genetic algorithm method [31] . Results are displayed in Fig. 1 . The vertical ionization potentials, VIP 0 and VIP e , have been calculated using Eq. 1 and equilibrium geometries of Ar N , the adiabatic ionization potentials, AIP 0 , have been obtained by using equilibrium geometries of the neutral clusters for E neut and equilibrium geometries for the ionic daughters for E ion (in both cases with the zero-point energy included). Table I where fitted IAEs are summarized for all the profiles depicted in Fig. 2 and for both fitting strategies introduced in Eqs. 2 and 3.
The behavior of the theoretical ionic signal profiles of Fig. 2 can be easily understood if one realizes that the equilibrium structures of ionized clusters are shrunken with respect to the equilibrium structures of their neutral precursors and, consequently, configurations of Ar N with contracted inter-atomic distances contribute mainly in the threshold region of the ionic signal. Such configurations rest mainly on the repulsive wall of the neutral cluster PES, but still lie in the attractive region of the PES of its ionic daughter (see a schematic sketch in Fig. 3 ). For the classical equilibrium geometry of the neutral parent, we are far on the asymptotic part of the ionic PES and, consequently, the calculated VIP is too high even if the zero-point energy of the neutral cluster is included (VIP 0 ). Calculations comprising distorted Ar N geometries lead, on the other hand, to a considerable decrease of the impact energy needed to ionize the neutral cluster. It is because the cluster is allowed to climb the repulsive wall of the neutral PES and geometries closer to the equilibrium structure of the ionic daughter are involved. For a given vibration excitation of the neutral cluster (e.g., by the zero-point energy), this can occur only within classical turning-point limits in classical simulations (c-MC), but these limits can be surpassed in the quantum treatment. Consequently, the quantum ionic signals are shifted to lower threshold ionization energies with respect to the classical curves, and this is even true if higher temperatures are considered in classical simulations (see Fig. 2 ). The harmonic approximation to the neutral PES is too shallow in the repulsive region and provides unrealistically favorable conditions for penetrating the repulsive parts of the neutral PES, which further shifts the threshold for Ar N ionization to lower impact energies. It is thus not appropriate for the quantitative modeling of quantum effects on IAEs for floppy argon clusters. It should be emphasized here that the differences seen between IAEs calculated within the harmonic approximation approach and those obtained from fully anharmonic calculations via the DMC method cannot be attributed to the differences between harmonic and anharmonic zero-point energies (see Table II ) and are clearly due to the insufficiency of the harmonic approximation in the classically forbidden regions.
As is clear from the previous discussion on Ar 7 , the inclusion of delocalized structures of neutral clusters can decrease the threshold ionization energies considerably and must be considered when experimental electron-impact ionization energies are interpreted. In below the experimental points for all the cluster sizes considered. As mentioned above, this is a mere artifact of the harmonic approximation approach and cannot be considered a reliable prediction. Secondly, the classical Monte Carlo simulations yield, in general, IAEs which decrease rapidly if the cluster temperature increases. This is not surprising and can be easily understood by recalling the above discussion concerning Fig. 3 . Namely, regions of the cluster configuration space with higher internal energies are sampled at higher temperatures and, consequently, the c-MC arrow of Fig. 3 climbs the repulsive wall of the neutral PES and moves to the left. This inevitably leads to a significant decrease of the IAE with increasing temperature. Thirdly, for the largest cluster sizes considered in Fig. 4 (N ≥ 10) and higher temperatures (T ≥ 30 − 35 K) the monotonous decrease of IAEs with rising temperature is corrupted. A natural explanation of this behavior is due to a solid-liquid phase change occurring in the neutral argon clusters for these sizes. The phase changes are also well apparent on corresponding heat capacity profiles as more or less pronounced maxima occurring at temperatures about T ≈ 30 − 35 K as follows from our calculations [32] as well as from previous studies (see, e.g., Refs. [33] [34] [35] . Note also, that the solid-liquid transition temperatures are rather close to the evaporative temperatures (T ≈ 40 − 50 K for Ar 10 -Ar 13 [32] ) and compare well with experimental estimates of neutral argon clusters temperatures (T ≈ 30 − 45 K) as given, e.g., in Fig. 1 of Ref. [36] .
IV. CONCLUSIONS
Calculations of vertical ion appearance energies (IAEs) of argon clusters have been performed for cluster sizes N = 3 − 13 and compared thoroughly with a recent, state-of-the-art experiment [5] . The experimental conditions have been modeled by considering neutral clusters with distorted geometries (delocalized in the cluster configuration space), either due to thermal excitations (canonical parallel-tempering Monte Carlo methods) or by zero-point vibrations (sampling from harmonic vibration wavefunctions or fully anharmonic importance sampling diffusion Monte Carlo simulations). The main issue addressed in this work is an unexpected behavior of experimental electron-impact data supporting, for cluster sizes N ≤ 10, the production of ionic clusters at electron energies considerably lower than theoretical estimates of vertical ionization potentials. Originally, this was interpreted in terms of the autoionization via highly excited Rydberg states of the neutrals [5, 10] . In this work, it has been demonstrated that structural distortions of neutral precursors, either due to thermal excitations or quantum zero-point vibrations, can shift the theoretical predictions Similar reasoning should also be valid for the tetramer and larger cluster sizes. However, the dynamics of post-ionization fragmentation of rare-gas clusters is extremely involved and still not well understood [8, 9, 39, 40] , and much more work and simulations will be required to get a final answer.
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